ABSTRACT: Initiation of mRNA translation and elongation of the polypeptide chain are 2 regulated processes responsible for the short-term postprandial acceleration of protein synthesis in animal tissues. It is known that a chronic increase in the absorptive supply of AA stimulates protein synthesis in ruminant animals, but effects on translation initiation and elongation are unknown. To determine whether initiation or elongation phases of global mRNA translation are affected by chronic elevation of AA supply, 24 ewe lambs of 25.9 ± 2.5 kg of BW were randomly allocated to 4 treatment groups of 6 lambs each. All lambs received a basal diet of barley and hay at 1.2 times maintenance ME intake. Treatments were an intravenous (i. . Deletion of Met plus Cys from EAA had no effect on N balance. The results indicate that Met plus Cys did not limit body protein gain on the basal diet alone or the basal diet plus 6 AA. Protein fractional synthesis rates in liver, duodenum, skin, rumen, semimembranosus, and LM were measured by a flooding dose procedure using l-[ring-2,6-3 H]-Phe. Ribosome transit times were estimated from the ratio of nascent to total protein-bound radioactivities. Fishmeal and EAA treatments had no effect on RNA, DNA, or protein contents of tissues, but fractional synthesis rate, translational efficiency, and concentrations of active ribosomes were consistently elevated. Ribosome transit time was not affected by long-term AA supply. We conclude that the chronic stimulation of protein synthesis by long-term i.v. infusion of EAA or supplementation with an undegradable protein source is brought about by an improvement in the rate of initiation of mRNA translation with no change in the rate of polypeptide chain elongation.
INTRODUCTION
Continuous infusion of AA postruminally for several days into growing ruminants increases the retention of N (Café et al., 2004; Nolte et al., 2008) and fractional synthesis rate (FSR) of protein in the whole body (Liu et al., 1995; Wessels et al., 1997) . The level at which FSR is regulated and the effect of AA on individual tissues/ organs in the growing ruminant is unknown. Protein FSR can proceed faster if there is more translational capacity (i.e., RNA, which is predominantly ribosomal) or if translational efficiency is increased. Translational efficiency has 2 components that could be responsive to AA supply. They are the initiation of translation, where the ribosomal subunits are directed to the start codon of the mRNA along with the initiator AA Met, and the elongation of translation, where the AA are actually used in synthesis of the polypeptide chain. The immediate increase in protein FSR associated with AA deficiency generally results from changes in the ribo-some initiation rate (Li and Jefferson, 1978; Kikuchi et al., 1986) , although ribosome transit time (RTT) may also increase (Pérez-Sala et al., 1987) . These responses are established within a few hours and have been taken to represent part of the postprandial response to a meal.
It is not known whether these short-term effects on initiation and elongation account for the increase in N retention with chronically elevated AA supply. Our hypothesis was that a long-term improvement in AA supply can stimulate FSR in tissues through effects on translation initiation or elongation. The purpose of the current experiment was to determine whether initiation or elongation phases of global mRNA translation are affected in ruminant tissues by chronic elevations of AA supply. To elevate AA supply, lambs were supplemented with fishmeal or infused intravenously (i.v.) with 6 essential AA with or without Met plus Cys.
MATERIALS AND METHODS
All animal procedures were approved by the Animal Care Committee at the University of Queensland.
Animals
Twenty-four White Suffolk × Poll Dorset:Border Leicester/Merino (3:1) ewe lambs (5 to 8 mo old, 25.9 ± 2.5 kg) were randomly allocated to 4 treatment groups and trained to metabolism pens. All animals were fed a 70% barley (1.55% N), 30% rye grass hay (1.45% N) ration at 677 ± 36 g/d of DM. Diets were supplied hourly from automated feeders. Treatments consisted of an i.v. saline infusion as a control, i.v. infusion of 6 essential AA (EAA; Arg, Lys, His, Thr, Met, Cys), i.v. infusion of the same essential AA excluding Met and Cys (EAA-SAA), and an oral drench of fishmeal (10.9% N) at 3.25 g·kg of BW −1 ·d −1 twice daily as a water:fishmeal (2:1) slurry.
Amino acid (in 0.9% saline) infusion mixtures were made to last 4 d and prepared fresh 1 d before infusion. Amino acids were infused at the rate of 800 mg·kg of BW −1 ·d −1 with the AA Arg, Lys, His, Thr, Met, and Cys in the ratio found in bovine milk of 15:36:12:22:11:4, respectively, on a weight basis. The treatment group with only 4 AA infused was at the same rate and ratio but with Met and Cys excluded. Infusates were delivered at a rate of 250 mL/d into a jugular vein through a 0.2-µm in-line filter. Catheters (0.86 mm i.d., 1.27 mm i.d. polyvinylchloride) were placed in the left jugular vein under local anesthetic 24 h before the commencement of infusions.
Infusions commenced 72 h before a 7-d N balance. Fishmeal treatment started 10 d before the N balance commenced. Feces, urine, and feed refusals for all animals were collected and weighed. Collection of feces and urine was through gravity separators. Urine pH was adjusted with sulfuric acid so that a final pH less than 3 was obtained. A 10% subsample was taken and pooled within animals. Feces samples were frozen, and urine was stored at 4°C. Feed samples were taken daily and pooled. On the last day of collection, pooled samples were subsampled for determination of DM by drying at 70°C for 48 h in a forced-air oven and N content by rapid combustion (Leco Australia Pty. Ltd., Castle Hill, Australia). Urine samples were taken for N and total purine derivative analysis by HPLC (Balcells et al., 1992) . Infusions were maintained for all animals until time of slaughter.
Fractional Synthesis Rate, Slaughter, and Analysis
Phenylalanine doses were prepared before the measurement period, and animals were subjected to flooding dose, slaughter, and sample preparation and storage procedures as outlined in Connors et al. (2008) . Briefly, lambs were injected with 4 g of l-Phe (>98%, Sigma-Aldrich, Castle Hill, Australia) and 700 µCi l-[ring-2,6-3 H]-Phe (>95%, 50 Ci/mmol, Sigma-Aldrich) in 120 mL of sterile saline (9 g/L) into a jugular vein catheter over a 10-min period. Forty minutes after cessation of isotope infusion, animals were killed with i.v. administration of 0.5 mL/kg sodium pentobarbitone (Troy Laboratories, Smithfield, Australia). Tissue samples were excised and frozen within 6 min in liquid N 2 in the following order: left semimembranosus muscle, skin, LM, liver, duodenum, rumen, and right semimembranosus muscle. Animals were placed on their right side for collection of the left semimembranosus. Animals were then rolled onto their left flank for collection of a skin sample from along the spine directly above the site for collection of LM. Skin sample sites had been shaved with a razor before euthanasia. After placing the animal in dorsal recumbency, the gut cavity was opened starting from between the forelegs. A section from the tip of the large liver lobe was removed, followed by small intestine from the duodenum directly posterior to the abomasum, and then rumen wall. Sections of gut tissue including serosal and mucosal layers were washed free of digesta immediately on collection. Finally, muscle was collected from the right semimembranosus.
Samples were analyzed for protein, RNA, DNA, and free, total protein-(RA t ) and nascent protein-bound (RA n ) Phe specific radioactivity as described by Connors et al. (2008) . Tissue fractional synthesis rates were calculated over 50 min, including the 10-min period of injection, using the tissue intracellular pool as the precursor pool (McNurlan et al., 1979) . Translational efficiency (K RNA ) was calculated as the quotient of FSR and RNA:protein ratio. Ribosome transit time was calculated as RTT = 2RA n /(RA t /t), where t = 50 min, and number of active ribosomes per gram of RNA was calculated as number of active ribosomes = (K RNA /50,000) × RTT, as outlined in Connors et al. (2008) . Following Merry and Holehan (1991) , we assumed an average molecular weight of newly synthesized proteins of 50,000 Da, from Mathews and Haschemeyer (1976) . The molecular weight is likely to differ between tissues but not between treatments (Mathews and Haschemeyer, 1976; Khasigov and Nikolaev, 1987) . Thus, treatment effects on the active ribosome number can be determined with precision, but the absolute value of the estimate may be inaccurate.
Microbial N Supply
Microbial purine absorption (X; mmol/d) was calculated from urinary purine derivative excretion (Y; mmol/d) by iterative solution of the implicit equation of Chen et al. (1992) ). The value for X was then used to estimate microbial N (MN; g/d) supply (Chen et al., 1992) as MN = 70X/ (0.83 × 0.116 × 1,000).
Statistical Analysis
Effects of treatment on observed variables were analyzed by ANOVA according to the model y ij = µ . . + a i + ε ij , where µ . . was the overall mean, a i was the ith effect of treatment (i = 1 to 4), and ε ij was random error distributed as N(0, σ 2 ). Treatment effects were estimated as preplanned orthogonal contrasts of EAA vs. saline, fishmeal vs. saline, and EAA-SAA vs. EAA. Results are presented as means with a pooled SEM over all treatments. When P < 0.10 for the overall treatment effect, significance of contrasts was declared at P ≤ 0.05, and tendencies were declared at 0.05 < P ≤ 0.10.
Because there were effects of treatment on FSR in several tissues, and because several P-values of treatment effects were too small to declare nonsignificance (P < 0.25), general effects of treatment across all tissues were evaluated by meta-analysis (St. Pierre, 2001), which accounts for correlations between observations within each tissue. The mixed model solved using PROC MIXED (SAS Inst. Inc., Cary, NC) was y ijk = µ . . . + t i + a j + b ij + ε ijk , where µ . . . was the overall mean, t i was the random effect of tissue (i = 1 to 6), a j was the fixed effect of treatment across all tissues (j = 1 to 4), b ij was the random effect of treatment j within tissue i, and ε ijk was random error. Compound symmetry was assumed for the covariance structure because it gave the least Akaike information criterion. Significance was declared at P ≤ 0.05.
RESULTS
Dietary DMI and digestibility were not affected by treatment (Table 1) . Total N intake and retention increased (P < 0.01) with EAA and fishmeal treatments. There was no difference between EAA and EAA-SAA infusions in N intake or retention. Estimated MN supply was not significantly affected by treatment.
The RNA and DNA contents of tissues (Table 2) were not affected by treatment. The RNA:DNA ratio of semimembranosus, which represents protein synthetic capacity of cells, tended to increase (P = 0.06) with fishmeal supplementation. Fishmeal also decreased the RNA:protein ratio of liver (P = 0.03), which represents protein synthetic capacity per unit of protein. There were no other effects on cellular RNA, DNA, and protein.
Supplementation of the basal diet with fishmeal increased protein FSR (P < 0.02) in liver and both skeletal muscle tissues (Table 3 ). The translational efficiency, K RNA , was elevated in liver (P < 0.01) and tended to increase in semimembranosus (P = 0.06) but not in LM. Infusion of EAA increased protein FSR (P Table 1 . Body weight, DMI and digestibility, and N flows in ewe lambs continuously infused intravenously with saline, 6 essential AA (EAA), EAA lacking methionine + cysteine (EAA-SAA), or drenched orally with fishmeal twice daily (n = 6 for each treatment) Chronic effects of amino acids on translation < 0.04) in liver, duodenum, and LM and tended to increase K RNA in duodenum only (P = 0.07). Subtraction of SAA from EAA tended to decrease FSR in duodenum (P = 0.09). Ribosome transit times (Table 4) were increased in liver (P < 0.01) by fishmeal and EAA and decreased by removal of SAA from EAA (P = 0.03). Removal of SAA from EAA increased RTT (P < 0.01) and the concentration of active ribosomes per unit RNA (P = 0.02) in LM. Concentration of active ribosomes was increased in liver by EAA and fishmeal (P < 0.01). Ribosome transit times and active ribosomes were not affected in other tissues.
Meta-analysis of treatment effects across all tissues (Table 5 ) found no effect on RNA, DNA, or protein contents of tissues, but FSR, translational efficiency, and concentrations of active ribosomes were elevated (P < 0.05). Ribosome transit time was not affected by treatment.
DISCUSSION

Nitrogen Retention Is Stimulated by Chronically Elevated AA Supply
The EAA infusate contained the 6 AA that had been previously shown to give the same BW gain response as a whey protein infused into lambs (Fraser et al., 1991; Café et al., 2004) . Infusion of Met + Cys, or Met, Cys, His + Arg did not affect BW gain or N retention (Fraser et al., 1991) . Likewise, the level of fishmeal supplementation was chosen because it previously increased N balance in sheep (Beermann et al., 1986) . Because they were simply models to explore which component of mRNA translation was affected by AA supply, no attempt was made to match AA supplies between the i.v. free AA infusions and the mixed whole-protein drench. Furthermore, the treatments differed in how AA were supplied. Fishmeal is 68% true protein, 18% ash, 8% . Surprisingly, deletion of Met plus Cys from the EAA infusate had no effect on N balance. The results indicate that Met plus Cys did not limit body protein gain on the basal diet alone or the basal diet plus 6 AA. The estimation of MN by urinary purine derivative excretion was highly variable so that treatment differences were not detectable. However, Met and Cys outflow from the rumen can be estimated from MN, assuming a content of 2.0% Met and 0.98% Cys (Storm and Ørskov, 1983) , and a 30% escape of undegraded feed protein containing 0.7% Met and 0.5% Cys (O'Connor et al., 1993) . Predicted Met and Cys outflows were 1.3 and 0.7 g/d, respectively, for the control and EAA-SAA, and 3.3 and 1.4 g/d, respectively, for EAA. The Met and Cys requirements, estimated according to Nolte et al. (2008) , for lambs on the EAA Table 3 . Protein fractional synthesis rate (FSR) and translational efficiency (K RNA ) in tissues of ewe lambs continuously infused intravenously with saline, 6 essential AA (EAA), EAA lacking methionine + cysteine (EAA-SAA), or drenched orally with fishmeal twice daily (n = 6 for each treatment) Chronic effects of amino acids on translation treatment were 2.0 and 1.5 g/d, respectively. According to these estimation procedures, Met and Cys were supplied at 166 and 95%, respectively, of required amount during EAA infusion, and 64 and 45%, respectively, of required amount during EAA-SAA infusion. Perhaps the equivalent stimulation of body N retention by very large supplementation rates of a select group of 6 or 4 EAA was through some mechanism other than the classic conceptualization of a limiting AA response (e.g., via insulin, ST, or AA signaling cascades; Kuhara et al., 1991) . A similar phenomenon was observed in growing pigs, where supplementation of Met-deficient diets with a 50% excess of all 3 branched-chain AA increased efficiency of N retention by an unidentified mechanism (Langer and Fuller, 2000) . Of the AA included in the EAA-SAA infusate, Arg stimulates mammalian target of rapamycin (mTOR) signaling and protein synthesis in skeletal muscle of neonatal pigs (Yao et al., 2008) , and Thr stimulates polysome formation in liver of rats fed a protein-free diet (Yokogoshi and Yoshida, 1979) .
Protein FSR Is Stimulated by Chronically Elevated AA Supply Through an Increase in Translational Efficiency
The increased N retention on all treatments provides for an appropriate model with which to examine how AA chronically influence protein FSR in growing sheep. Protein FSR was measured by a flooding dose procedure that minimizes differences between tissue and aminoacyl-tRNA specific radioactivities (Davis et al., 1999) . The 50-min delay from start of 3 H-Phe infusion until sample collection influences the results because newly synthesized proteins with very fast turnover times will not continue to accumulate radioactivity throughout the entire 50 min, and radioactivity in proteins secreted from the liver and intestine will not contribute to the FSR estimate. The 50-min measurement has been taken to represent synthesis of long-lived constitutive proteins (Southorn et al., 1992) , which means that estimates of FSR for liver, duodenum, and rumen reported here may be less than would have been found with shorter isotope infusion times.
Results of the meta-analysis show unequivocally that a chronic increase in AA supply over 10 to 17 d had no effect on RNA, DNA, or protein contents of tissues, but FSR, translational efficiency, and concentrations of active ribosomes were consistently elevated. Translational elongation, presented as RTT, was not affected by long-term AA supply. To our knowledge, this is the first demonstration that AA nutrition influences FSR in ruminant tissues by an effect on K RNA and not through a change in synthetic capacity (i.e., RNA:protein ratio). The stimulation of FSR with chronically greater quantity of feed intake have been shown to also arise largely through changes in K RNA (Connors et al., 2008) . In contrast to our findings, the increase in FSR of skeletal muscle of growing rats induced by feeding 18 vs. 4.5% CP for several days was the result of an increase in synthetic capacity with no change in translational efficiency (Jepson et al., 1988) .
Initiation of mRNA Translation Is Stimulated by Chronically Elevated AA Supply
Two hypotheses could be put forward to explain how a chronic elevation of AA supply would increase the translational efficiency in tissues of growing animals. The process of peptide chain elongation could be accelerated through a mass action effect of elevated AA concentrations on charging and subsequent utilization of tRNA. Additionally, initiation rate could be increased by AA-or insulin-induced phosphorylation of initiation factors via the mTOR signaling pathway. In support of the second hypothesis, previous work has shown that the short-term translational response in tissues of fasted animals to a protein meal or AA infusion is reduced or abolished by inhibition of mTOR (Anthony et al., 2000; Kimball et al., 2000; Suryawan et al., 2008) . To our knowledge, elongation rates have not been measured in animals after consumption of a meal. Table 5 . Meta-analysis of treatment effects across liver, duodenum, skin, rumen, semimembranosus, and LM of ewe lambs continuously infused intravenously with saline, 6 essential AA (EAA), EAA lacking methionine + cysteine (EAA-SAA), or drenched orally with fishmeal twice daily (n = 6 for each treatment) Connors et al.
An intracellular phosphorylation cascade is designed to produce rapid responses to perturbations such as occur between fasting and absorption of a meal. Whether the mTOR phosphorylation cascade that is responsible for rapid activation of initiation of global mRNA translation after a meal is also the mechanism responsible for a long-term improvement in protein nutrition over several days remains unknown. For example, Leu is the most potent of the AA in activating mTOR and arterial Leu infusion increased FSR in muscle of fasted neonatal pigs within 60 min (Escobar et al., 2005) . Over 12 d, though, doubling Leu intake of growing rats had no effect on the phosphorylation state of mTOR targets, but FSR was still elevated in adipose, muscle, and liver (Lynch et al., 2002) . On the other hand, protein FSR was stimulated in muscle and liver of neonatal pigs by feeding 38 vs. 15% CP for 5 d, and downstream targets of mTOR were more phosphorylated (Frank et al., 2006) . These latter data suggest a chronic upregulation of translational efficiency at the greater dietary protein intake, which is in line with our finding, in growing ruminants, that translation initiation was stimulated by long-term AA administration, either i.v. or with a mixed, whole-protein drench.
If signaling through mTOR was responsible for the stimulation of translation initiation, it could have been a response to AA and hormonal signals. Insulin and IGF-I are increased in circulation with an improvement in AA nutrition (Clarke et al., 1993; Frank et al., 2006; Guay and Trottier, 2006) , and both hormones stimulate the mTOR network and FSR in skeletal muscle of nonruminants (Davis et al., 2002; Song et al., 2005) . Insulin and IGF-I also accelerate FSR in spleen and skin, whereas AA accelerate FSR in a broad range of tissues including liver, pancreas, lung, and small intestine (Davis et al., 2002; Suryawan et al., 2009) . Skeletal muscle in growing ruminants appears to be less responsive to insulin and branched-chain AA than in nonruminants (Wester et al., 2004) , and the possibility remains that the stimulation of initiation we found was not related to mTOR activity. An alternative AA-sensing mechanism involves a branch of the integrated stress response network that slows initiation complex formation when uncharged tRNA accumulate intracellularly due to deficient supply of an EAA (Proud, 2005) . Given that Leu, a potent activator of mTOR, was not included in the EAA infusate that stimulated initiation lends support to the notion of an alternative mechanism.
Protein Elongation Is Not Stimulated by Chronically Elevated AA Supply
As indicated in the equation for calculation of active ribosome number, an increase in translation initiation rate with no change in elongation rate results in an increase in active ribosome number. We have presented this number per unit of cellular RNA, which is mostly ribosomal so it reflects percentage of ribosomes as polysomes. Our finding is that polysome percentage increased with no change in elongation and, therefore, it was due to faster initiation. Similarly, several days of AA supplementation of low-protein or protein-free diets increased polysome percentage, although elongation rates were not measured (Symmons et al., 1972; Yokogoshi and Yoshida, 1979; Kikuchi et al., 1986) . In contrast, polysome percentage in liver decreased from 53 to 44%, 60 min after intraperitoneal Leu injection into mice, compared with saline (Funabiki et al., 1992) . Protein FSR was increased by Leu injection, so it was concluded that elongation was stimulated more than initiation to result in the smaller polysome percentage. Elongation of hepatic protein was also stimulated by intraperitoneal injection of Ala into rats where RTT fell from 111 to 77 s (Pérez-Sala et al., 1987) . After just 1 meal of a Thr-lacking diet, polysome percentage in liver was less than on a complete diet. However, after several days, the Thr deficiency caused an increase in polysome percentage (Yokogoshi and Yoshida, 1980) , again suggesting a larger effect on elongation than on initiation. To our knowledge, there are no other measures of protein elongation rates in tissues of animals given additional AA over several days. We observed no chronic effect of AA supplementation on RTT in sheep. Similarly, RTT was not affected by chronic elevation of food intake (Connors et al., 2008) .
We conclude that the chronic stimulation of protein synthesis in tissues of the ruminant by long-term i.v. infusion of essential AA or supplementation with an undegradable protein source is brought about by an improvement in the rate of initiation of mRNA translation with no change in the rate of polypeptide chain elongation. It is possible that long-term initiation rates are regulated by the same AA and hormone signaling cascades responsible for short-term responses to AA absorption.
